The effect of vanadate on the plant plasma membrane ATPase were investigated in plasma membrane fractions derived from corn roots (Zea mays L.) and red beets (Beta vulgaris L.). The K, for vanadate inhibition of the plasma membrane ATPase from corn roots and red beets was between 6 and 15 micromolar vanadate. In both membrane fractions, 80% to 90% of the total ATPase was inhibited at vanadate concentrations below 100 micromolar. Vanadate inhibition was optimal at pH 6.5, enhanced by the presence of K+, and was partially reversed by 1 millimolar EDTA. The Mg:ATP kinetics for the plasma membrane ATPase were hyperbolic in both the absence and presence of vanadate. Vanadate decreased both the K. and V. of the red beet plasma membrane ATPase, indicating that vanadate inhibits the ATPase uncompetitively. These results indicate many similarities with respect to vanadate inhibition between the plant plasma membrane ATPase and other major ion-
In recent years, inhibition by vanadate has become an important criterion for identifying ion-translocating ATPases associated with plant, fungal, and animal cell membranes and thus has become an important tool in membrane biochemistry (2, 4, 8, 12, 14) and in the study of ion transport (13, 16, 18, 25) . It is well known from work on animal and fungal cells that concentrations less than 20 ,uM of vanadate half-maximally inhibit the class of ion-translocating ATPases that form a phosphorylated intermediate during the course of their reaction cycle (13) . This class of ATPases includes the (Na+/K+)-ATPase of animal cell plasma membrane (9) , the (H+/K+)-ATPase of gastric mucosa (14) , the Ca2'-ATPase of sarcoplasmic reticulum (20) , and the H+-ATPase of fungal cell plasma membrane (3, 4, 22, 28) .
The common characteristic of vanadate inhibition of these ion-translocating ATPases and the concentration of inhibitor involved have raised some interesting questions concerning vanadate inhibition of plant ATPases primarily because the plant plasma membrane ATPase has appeared to be relatively insensitive to this inhibitor. Perlin and Spanswick (19) reported a value of 500 Mm vanadate for half-inhibition ofa corn leafplasma membrane ATPase when assayed in the presence of K+. Gallagher and Leonard (12) (16, 18) so it is surprising that the vanadate sensitivities are not more similar.
In this study, we have examined in detail vanadate inhibition of the plasma membrane ATPases from corn roots and red beet storage tissue. We observed Ki values and characteristics of vanadate inhibition which are similar to those that have been reported for other ion-translocating ATPases. We also describe optimal conditions for vanadate inhibition and possible complicating factors that may interfere with the effectiveness of vanadate as an inhibitor.
MATERIALS AND METHODS Plant Material. Red beet plasma membranes were prepared from freshly harvested storage tissue of Beta vulgaris L. Corn membranes and soluble fractions were prepared from Zea mays L. cv WF9 x MO17 (Crow Hybrid Seed Co.). Corn seedlings were germinated for 3 d at 28°C in the dark on moistened germination paper (Anchor Paper Co., St. Paul, MN) prior to harvesting of root tips (1.5-cm apical segments).
Membrane Isolation. Red beet or corn root plasma membranes were prepared as described previously (2, 15, 16) . In brief, the red beet plasma membrane fraction was collected from a 34/ 38% (w/w) sucrose interface following centrifugation of a microsomal membrane fraction for 2 h at 80,000g in a Beckman SW 27 rotor. The corn plasma membrane fraction was collected from a 30/38% (w/w) sucrose interface after centrifugation ofa microsomal membrane fraction for 3 h at 80,000g in a Beckman SW 27 of Mg24. Vanadate inhibition does not appear to depend on free Mg24 and, instead, optimal conditions for vanadate inhibition are when Mg24 and ATP are present in equimolar concentrations. It is also clear that excess Mg24, even a 3-fold excess, only slightly depresses total and vanadate-sensitive ATPase activity.
pH Optimum for Vanadate Inhibition. The optimum pH for vanadate inhibition was pH 6.5 (Fig. 4) which is identical to the pH optimum previously reported for both ATPase activity and H4 transport (17 The K4 enhancement of vanadate inhibition has been demonstrated for the Neurospora plasma membrane ATPase (4) and for several plant systems (1 1, 12, 19 ). It has also been shown for both corn and red beet plasma membrane ATPase that K4 stimulates dephosphorylation of the enzyme (5, 6) . Thus, it was reasonable to expect that K4 would enhance vanadate inhibition of the red beet plasma membrane ATPase.
We examined the effect of K4 supplied as KCI on vanadate inhibition of the red beet plasma membrane ATPase (Fig. 5) . Activity ofthe enzyme in the absence ofvanadate was stimulated 24% by KCI. The Ki for vanadate inhibition in the absence of added monovalent salts was 19.1 AM (V2O0). The inclusion of 50 mM K+ in the assay lowered the Ki to 6.5 gM. The enhancement of inhibition by K4 was most apparent between 0.1 and 100 SM vanadate. This K4 enhancement observed for red beet plasma membrane ATPase is qualitatively similar to that reported for the (Na4/K)-ATPase of animal cell plasma membrane (8) and the Neurospora plasma membrane ATPase (4), and quantitatively similar to that reported earlier for the reconstituted red beet plasma membrane ATPase (16) . From these results, it is clear that K4 enhances vanadate inhibition presumably by stimulating dephosphorylation of the ATPase.
Dixon analysis of vanadate inhibition suggests that the plasma membrane ATPase of red beet is a single enzyme because it shows a monophasic inhibition curve and a single Ki. This argues against the plasma membrane ATPase being composed of two separate enzymes, one stimulated by K4 and the other not stimulated by K+, and both requiring Mg2e. For red beet plasma membrane ATPase, we have shown that the enzyme transports H4 and is stimulated by K4 (17) . As yet there is no evidence for the direct involvement of K4 in transport by the enzyme. Therefore, the distinction of a K+-stimulated component of ATPase activity and a separate Ki for vanadate inhibition of this component, as often seen in the literature (1 1, 12, 19 ), does not seem necessary or consistent with treatment given other vanadatesensitive ion-translocating enzymes in fungal and animal systems.
We also examined the effect of EDTA on vanadate inhibition (Fig. 5 ). Bowman and Slayman (4) previously reported that EDTA could reverse vanadate inhibition of the Neurospora plasma membrane ATPase by complexing vanadate. The concentration dependence of vanadate inhibition was examined in the absence and presence of 50 mm K4 and with 50 mm K4 plus 1 Figure 7 shows total ATPase activity in thL absence and presence of 10 or 100 AM V205 (Fig.   7A ) and the Hanes-Woolf transformation of these data used to determine the Km and Vmco, (Fig. 7B) . ATPase activity saturated above 3 mM Mg:ATP and showed simple Michaelis-Menten kinetics for substrate. The presence of vanadate assayed at either a low (10 Mm) or high (100 Mm) concentration did not alter the kinetic behavior of the enzyme. This is in contrast with the Neurospora plasma membrane ATPase (4) where vanadate caused a shift in the kinetic curve of the ATPase from sigmoid to hyperbolic, apparently altering the cooperative binding of ATP.
In Figure 7A , it can also be seen that noninhibitable ATPase (Fig. 7B) ATPase and less so to those reported for the (Na+/K+)-ATPase of plasma membrane of animal cells (16, 17) . While the results of this study confirm the similarity of the plant plasma membrane ATPase with other ion-translocating ATPases, it is unclear why previous results (1 1, 12, 19, 26) have shown a relatively low sensitivity of the plant plasma membrane ATPase to vanadate.
Recent work by Shimmen and Tazawa (25) (15, 16, 27) have also demonstrated a high sensitivity of plasma membrane ATPase to vanadate in vitro and, most recently, ATPdependent H+ transport in reconstituted plasma membrane vesicles has been shown to be inhibited half-maximally by less than 10 ,gM vanadate (16) . Together these results confirm that vanadate is indeed a potent inhibitor of the plasma membrane H+-translocating ATPase ofplant cells, and the characteristics ofthis inhibitor are similar to those observed for other major iontranslocating ATPases. Our results also confirm the finding of Gallagher and Leonard (12) that soluble phosphatase is also inhibited by vanadate and that vanadate-sensitive ATPase activity can only be used as a criterion to identify the plasma membrane ATPase in membranes that are substantially free of nonspecific phosphatase contamination or in the presence of a phosphatase inhibitor such as molybdate ( 12) .
